Structural characterization. SEM (Hitachi SU-70 FEG-SEM at 10 kV) and TEM (JEOL 2100F FEG TEM/STEM operated at 200 kV, and JEOL TEM/STEM ARM 200CF equipped with high angle annular dark field (HAADF)) were used for the characterization of the MMNC microstructure and morphology. JEOL ARM 200CF with a 90 mrad inner-detector angle was used for the HAADF images. The elemental distribution and maps were detected by an Oxford Xmax 100TLE windowless X-ray detector. Raman spectra were collected on a Horiba Jobin-Yvon using a 532 nm laser and an integration time of 4 s (repeated 4 times). X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis 165 and analyzed by the CasaXPS software. XRD was performed using a D8 Advanced (Bruker AXS, WI, USA) with a scan rate of 3°/min. Synchrotron XRD experiments were carried out at the 11-ID-B beamline of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). The X-ray wavelength was 0.2113 Å, and the sample-to-detector distance was 175.1 mm. Reduction of 2D diffraction patterns to 1D profiles, as well as diffraction peak indexing and Rietveld refinement, were performed using the GSAS-II.
. A one-batch thermal shock process of 6 samples connected in series. Photos of (a) the samples prior to the shock heating process; (b) the samples under Joule heating at a relatively low temperature, ~ 1300 K; and (c) the same samples while being heated at a high temperature of ~1650 K.
Fig. S4.
Temporal temperature evolution during the thermal shock process. The shock heating process lasts ~500 ms with a high temperature of ~1650 K. The inset shows the high temperature heating picture. PtPdRhRuIr, and PtPdRhRuIrFeCoNi MMNCs synthesized using the high throughput approach, demonstrating a uniform size distribution. Note that in general, with the increasing number of mixing elements, the XRD peaks become broadened with an increased peak width, indicating that mulitelement systems (Fig. S12b ) contain either a broader size distribution or larger strain variations than the simple systems ( Fig. S12a ). This is understandable because mixing multiple different elements will inevitably increasing the internal strain of particles and reduces the crystallinity as compared with simple structures. We have compared the ORR performances of MMNCs to other Pt-based catalysts from the literature, and reveal that the screened MMNCs (i.e., PtPdFeCoNi and PtPdRhNi) have a relatively high half-wave potential (E1/2), an electron-transfer number close to 4.0, and a small Tafel slope. The high half-wave potential (E1/2) is critical for a high output power in fuel cell applications while 4.0 electron-transfer number indicates a high selectivity toward 4 e-reduction. The small Tafel slopes in our MMNCs indicate a unique reaction-limiting step and faster kinetics in comparison with literature reports. Therefore, the above parameters position the screened MMNCs among best-performing catalysts reported in the literature.
Please note that people used different Pt loading and substrates for ORR study. These variables would lead to different ORR performance as observed in the literature. When considering the loading and size effect, we compared the MMNCs with our monometallic Pt control samples with a comparable size distribution and loading (main text Fig. 4) , so as to highlight the role of multielement mixing effect. The fact that the screened MMNCs exhibited even better performance compared to our Pt control would unambiguously confirm the performance enhancement arises from the compositional design and their synergistic effect as discussed in the main text.
